At medium energies the distorted-wave Born approximation provides a much less reliable description of transfer reactions induced by composite projectiles. shown to reduce the three-body transfer reaction calculation to a very small coupled-channels problem. For the reaction in question, the method introduces significant corrections to the adiabatic method which agree qualitatively with earlier calculations using the quasiadiabatic method. PACS number(s): 24.10. -i, 24. 10. Eq, 24.50. +g, 25.45.Hi 
I. INTRODUCTION
We study breakup effects on transfer reactions by use of the (d, p) reaction, the simplest theoretical context in which these studies can be made. The distorted-wave Born approximation (DWBA), by construction, does not account for breakup effects and its accuracy and validity for the deuteron-nucleus system has been the subject of a large number of three-body (n+ p + target) studies. An extensive review can be found in Ref. [1] . It is now accepted that the DWBA needs to be extended to include breakup effects. What we learn from deuteron-induced reactions is of course relevant to the study of analogous effects in reactions induced by other loosely bound cluster nuclei such as Li, Li, Be. In this work, we consider specifically deuteron stripping reactions at incident energies Eg -100 MeV, at which energies one need not include breakup effects due to the Coulomb interaction.
The Johnson-So per adiabatic approximation [2] , in which the center of mass energy of the n-p pair in the breakup states is assumed degenerate with the elastic channel, has provided systematic improvements over the DWBA in the description of transfer reaction angular distributions [3, 4] . More recent, complete and accurate data on stripping and pickup transitions, with large transferred neutron angular momentum E and total angular momentum j = / -1/2, at medium energies are, however, not even qualitatively reproduced [5] . As was discussed in Refs. [5, 6] , the spin structure and dynamics of the (d, p) reaction at these energies lead to the reactions being far-side dominated and to near-side/far-side interference which is a sensitive probe of high energy n-p relative motion components in the three-body wave function. This reveals itself through oscillations in the measured angular distributions of certain of the spin observables. Such data provide a severe test of the quality of threebody descriptions of reaction processes.
This has resulted in a reassessment of the applicability of the adiabatic prescription. Recent calculations [6] using the quasiadiabatic approximation [7] , where the n pcenter of mass energy in breakup configurations is assigned some average breakup energy, have yielded significant corrections to the adiabatic model in such transitions. Although the quasiadiabatic calculations of Ref. [6] lead to an improved description of the measured observables, theoretically there is ambiguity as to the correct choice of the average breakup energy inherent in the method.
Extensive three-body studies have also been carried out using the coupled discretized continuum channels (CDCC) treatment of breakup effects [1, 13] which has been developed to a very sophisticated level. In this case the three-body breakup continuum is discretized into a finite set of representative square integrable states P; in the continuum. This approach can be used as the basis of a general approach to elastic scattering, breakup, and transfer reaction studies.
In this paper we implement an alternative theoretical approach, the Weinberg state method of Johnson and Tandy [8] , designed specificall for the investigation of corrections to the Johnson-Soper treatment for transfer reactions. While formulated many years ago, this procedure has not previously been investigated quantitatively.
We apply the Weinberg state method to the (d, p) reaction to assess the magnitude of the corrections to the adiabatic approximation and to gain some insight into the reliability of the earlier quasiadiabatic calculation predictions. We apply the method here to the Zn(d, p) Zn (g. s. ; 5/2; E =3) reaction at 88.2 MeV incident deuteron energy, the focus of a recent quasiadiabatic study [6] .
In Sec. II we outline the formal aspects of the Weinberg state method and in Sec. III discuss its numerical implementation.
In Sec. IV ( 
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The three-body wave function is thus expanded, g+ (r, R) = ) P, (r)y,
where, using Eq. (4), = ieger(r)e', (1) where the incident boundary condition of a deuteron, with internal wave function Pg(r) and Hamiltonian 6 " (= T, +V "), with incident momentum K is made explicit through the use of a small positive quantity e which will eventually be set to zero. Here T"and TR are the kinetic energy operators for the n-p relative and c.m. motion. The interaction U(r, R) to be used in Eq. (1) has been discussed extensively by many authors [2, 9, 8] . Throughout this work we assume the interaction to be the sum of the neutron-and proton-target phenomenological optical potentials evaluated at half the incident deuteron energy. The proton target Coulomb interaction is assumed to act on the c.m. of the n-p system. The (d, p) stripping amplitude in the three-body model is [8] (6)
The only physical state among the P, is the first ( (n, "I =)~,"(y"I,
have been introduced. They satisfy the orthonormality condition
There is no way to avoid the fact that the three-body 
and hence
The IA, ) fori ) 1 [8] . Rather than attempt a direct diagonalization of the large unbalanced and unsymmetric N x N coupling matrix C, where
we make use of the fact that C can be written
where p " is the n-p reduced mass. For the present exploratory investigation, this choice of potential is particularly convenient since the S-state Weinberg solutions P;(r) can then be expressed analytically [11] . We use the notation that P, (r) 
will be an eigenvector of B with the same eigenvalue provided that Vz~') --xv(')/A, . Analysis of the high quality spin polarization data [6] for this transition have shown that the adiabatic approximation, the N = 1 limit of the Weinberg state expansion, provides an inadequate description of the threebody breakup channels. The spin structure (large E, j = E -1/2) and dynamics of the (d, p) reaction at such energies [5, 6] 
B. The coupling interactions
As was stated earlier, we assume that the nucleonnucleus optical potentials are purely central. In the subsequent transfer reaction calculations the spin-orbit component is neglected in the exit channel also. We use for the entrance channel nucleon-nucleus optical potential the global parameter set of Becchetti Fig. 5 . In all cases, the presence of the short ranged n-p interaction in the coupling potential matrix elements means that the range of all terms is essentially that of the range of the nucleontarget interactions.
The coupling interactions of the WSE are thus characteristically di8'erent to the longer range matrix elements (P;]U(r, R) Pi) which enter the CDCC treatment of breakup eKects [1, 13] Table I of [6] with, in the case of the proton potential, the strength of the spin-orbit interaction set to zero. Using . partsa waves, obtained aine using the WSE In Fig. 9 we show the calculated differential cross sections obtained when using each component G; F, + (R) of the entrance channel state rYs (K) individually. While the three contributions interfere when combined to the physical cross section, the figure shows that over most of It would be interesting and straightforward to extend the analysis to other systems. The (d, Li) reaction has been used extensively for alpha particle spectroscopy studies, with Ep 100 MeV, using the DWBA. The WSE method would provide a natural framework within which to investigate the magnitude of breakup corrections in this system. In particular, the technique should also find application when the rapidly increasing database on reactions induced by light neutron-rich radioactive nuclei, e.g. , Be, with large breakup channel efFects, is extended to include single-nucleon or cluster transfer reaction data.
